End-stage renal disease (ESRD) is associated with a significant propensity for development of atherosclerosis and cardiovascular mortality. The atherogenic diathesis associated with ESRD is driven by inflammation, oxidative stress and dyslipidemia. Reduced high density lipoprotein cholesterol (HDL-C) level and HDL dysfunction are the hallmarks of ESRD-related dyslipidemia. Clinical and laboratory studies have revealed that ESRD is associated with significantly reduced serum apolipoprotein A-I (ApoA-I) and HDL-C level as well as altered HDL-C composition. Furthermore, while ESRD is associated with impaired HDL antioxidant and anti-inflammatory properties in the majority of patients, in a small subset, HDL may in fact have a pro-oxidant and pro-inflammatory effect. Therefore, it is no surprise that serum HDL-C level is not a dependable indicator of cardiovascular disease burden in ESRD, and markers such as HDL function are critical to accurately identifying patients at risk for cardiovascular disease and mortality in ESRD.
Introduction
The number of patients with end-stage renal disease (ESRD) requiring maintenance dialysis in the United States currently stands at approximately 600,000 (1) . Despite many recent improvements in dialysis treatment and the strict adherence of patients and physicians to the quality measures set forth by guidelines, ESRD patients continue to experience an annual mortality rate of approximately 20% in the United States. While the causes of death in these patients are diverse, approximately half of all death of dialysis patients is directly attributed to cardiovascular disease (1) . Several factors are involved in the pathogenesis of atherosclerosis and cardiovascular disease in the entire spectrum of chronic kidney disease (CKD) including ESRD. These include oxidative stress, inflammation and wasting syndrome, hypertension, endothelial dysfunction, vascular calcification and dyslipidemia. While dyslipidemia in the general population is characterized by elevate low density lipoprotein cholesterol (LDL-C), in ESRD patients it is marked by elevated triglyceride-rich lipoproteins and decreased HDL-C (2-4) Therefore, while in the general population therapeutic strategies have focused on lowering LDL-C, primarily by the use of statins, this strategy has not been fruitful in patients with ESRD as indicated by the results of 4D, AURORA and SHARP trials. Hence, understanding the mechanisms responsible for HDL deficiency and dysfunction are critical steps in devising effective therapies aimed at improving HDL-C level and function in ESRD.
HDL As an Atheroprotective Molecule
Generation and life cycle of HDL begins with the secretion of its major protein component, (ApoA-I), from the liver. ApoA-I binds circulating phospholipids and cholesterol forming nascent discoid lipid-poor HDL particles (2, 5) . Furthermore, ApoA-I triggers free cholesterol efflux from subendothelial macrophages and fibroblasts via it's interactions with ATP-binding cassette transporter A1 (ABCA1). Free cholesterol is then esterified via lecithin cholesterol acyltransferase (LCAT) and stored in the core of the HDL molecule as a hydrophobic cholesterol ester (2, 5) . This step is critical to HDL maturation and results in HDL particles obtaining a spherical shape, with the two main mature particles being called HDL2 and HDL3. Subsequently, HDL particles deliver their cholesterol cargo either directly to the liver via scavenger receptor B-I (SR-BI) or indirectly by transferring cholesterol to very low density lipoprotein (VLDL) or LDL particles, which in turn are taken up by the liver via the LDL-receptor (2, 4) . This transfer is mediated via cholesterol ester transfer protein (CETP), a protein associated with HDL. This entire process is called reverse cholesterol transport (RCT) and is mediated by HDL and serves as a major component of its atheroprotective properties.
Another anti-atherosclerotic property of HDL, which is thought to be just as important if not more critical than RCT in prevention of cardiovascular disease, is its anti-inflammatory and antioxidant effects ( Figure 1 -A) (2, 5) . Atherosclerosis is an inflammatory disease. Monocyte adhesion, infiltration and differentiation into macrophages and their ultimate conversion to foam cells are the primary steps in plaque formation. Foam cell formation is the result of increased uptake of oxidized or otherwise modified LDL and remnant lipoproteins by macrophages in the artery wall. HDL and ApoA-I inhibit the expression of endothelial adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and prevent production of monocyte chemoattractant protein-1(MCP-1), steps critical to leukocyte infiltration and reactive oxygen species (ROS) production in the artery wall. Furthermore, in addition to ApoA-I's potent anti-oxidant properties, HDL is associated with several anti-oxidant enzymes, such as paraoxonase (PON) and glutathione peroxidase (GPX) as well as LCAT and platelet-activating factor acetylhydrolase (2, 5) . Also, oxidized lipids can be transferred from oxLDL to HDL by CETP and subsequently cleared via the liver. Thus, HDL plays a key role in prevention and reversal of lipid oxidation, a key step in generation of oxidative stress and inflammation which lead to formation and progression of atherosclerosis.
Impact of ESRD on HDL-C Level and Composition
In 1977, the Framingham study was the first large-scale study which showed that low levels of HDL-C are a major risk factor for coronary artery disease (CAD) (6) . In addition, it has been shown that with each increase by 1 mg/dl in HDL-C, there is a 2-3% decrease in CAD incidence (7) . Numerous studies have shown that ESRD is associated with a significant decrease in plasma ApoA-I and HDL-C level (2, 5) . There are two mechanisms by which HDL-C deficiency in ESRD is mediated, increased catabolism and reduced production of this molecule. While one study showed ESRD was associated with increased catabolism of HDL particles, another study showed decreased HDL production as the main culprit responsible for reduced HDL-C levels (8) (9) . Indeed, uremia results in a marked reduction of hepatic production and plasma concentration of ApoA-I and HDL in animals with chronic kidney disease (CKD) (5) . The inhibitory influence of uremic milieu on ApoA-I biosynthesis has also been confirmed by in-vitro studies which revealed inhibition of ApoA-I production by uremic plasma in cultured hepatocytes (5) . We recently showed that this phenomenon is mediated via a post-transcriptional mechanism at the level of RNA stability (10) . Clearly, the ESRD-induced deficiency of ApoA-I contributes to the reduction of plasma HDL in advanced CKD. In addition to HDL and ApoA-I deficiency, detailed analysis of HDL particles in patients with ESRD has revealed that the proportion of lipidpoor premature HDL is increased and maturation of cholesterol ester-poor HDL to cholesterol ester-rich HDL-2 is impaired in the ESRD population. These findings are clinically relevant as small-sized HDL particles alone and combined with elevated high sensitivity C-reactive protein (hsCRP) concentrations have been found to be independent predictors of reduced survival in patients with ESRD (11) . The mechanisms responsible for the ESRD-associated alterations in HDL composition are twofold. Oxidative modification of ApoA-I and HDL impairs its ability to bind to ATP binding cassette transporter A-1 (ABCA-1), which is an essential step in efflux of free cholesterol from cells to HDL (5) . In this context, several recent studies have revealed oxidative modification of HDL and ApoA-I in patients with end-stage renal disease.
Furthermore, hepatic production, plasma concentration and activity of LCAT are consistently reduced in patients with ESRD (5) . Given the critical role that LCAT plays in HDL maturation, ESRD-induced LCAT deficiency further contributes to the reduction of plasma HDL concentration and impaired HDL maturation. These mechanisms lead to altered HDL particle composition in patients with ESRD which may lead to atherosclerosis and cardiovascular disease. This was recently shown by Holzer et al. using mass spectrometry and biochemical analyses to assess the composition of HDL particles in patients with ESRD. They found a significant increase in quantity of acute phase protein serum amyloid A1, albumin, lipoprotein-associated phospholipase A2, and apoC-III in HDL from patients with ESRD when compared with normal individuals. Furthermore, these HDL particles contained reduced phospholipid and increased triglyceride content and had an impaired ability to promote cholesterol efflux from macrophages (12) .
Impact of ESRD on HDL Function
In a series of earlier studies we found that compared to the HDL from the healthy controls, the HDL from patients with ESRD exhibits markedly reduced antioxidant and antiinflammatory activity (5, 13) . In these experiments, we found that the ability of HDL to inhibit LDL-induced monocyte chemotactic activity was dramatically reduced in patients with ESRD when compared with normal control individuals (13) . These findings were associated with and, in part, due to a significant reduction in plasma PON and GPX activity in addition to decreased LCAT concentrations. These are key HDL-associated antioxidant enzymes which are crucial for its antioxidant-anti-inflammatory functions (14) . The clinical significance of these findings were underlined by in a study which showed that depressed antioxidant capacity of HDL is associated with increased risk of cardiovascular and overall mortality in a cohort of dialysis-dependent CKD patients (15) .
Another clinically intriguing observation was reported by Kilpatrick et al who on examination of a large cohort of prevalent hemodialysis patients did not find a clear association between serum HDL cholesterol level and survival (16) . This can be explained by the growing body of evidence which indicate that in the presence of oxidative stress and inflammation, HDL is transformed from an antioxidant and anti-inflammatory to a prooxidant, pro-inflammatory particle known as acute-phase HDL (17) . In fact, Honda et al. have recently shown that in a cohort of Japanese maintenance hemodialysis (MHD) patients, higher HDL cholesterol concentrations were associated with higher levels of oxidized-HDL. Furthermore, they found that elevated oxidized-HDL concentrations were associated with increased cardiovascular mortality. Hence, they concluded that excess oxidative stress may have yielded dysfunctional HDL in patients on with ESRD, and patients with high HDLcholesterol under these conditions may have enriched oxidized HDL which can then result in increased cardiovascular disease burden and mortality (18) . In addition, while evaluating the HDL from patients with ESRD, Weichhart et al. found that HDL from ESRD patients not only was deficient in preventing inflammation but it in fact promoted inflammatory cytokine production. Using shotgun proteomics they identified 49 HDL-associated proteins, including the serum amyloid A protein (SAA) which they postulate may be responsible for the pro-inflammatory properties of HDL described in these patients (19) . Yamamoto et al also recently confirmed that HDL from patients with ESRD not only had reduced antichemotactic ability but it caused increased macrophage cytokine response (tumor necrosis factor alpha, interleukin 6, and interleukin 1 beta), when compared to HDL from healthy controls (20) . Given the mentioned results, one can predict that in particular circumstances, HDL from patients with ESRD may in fact have a deleterious effect on formation and progression of cardiovascular disease.
Future Directions
ESRD is associated with decreased HDL-C and ApoA-I level and altered HDL composition. While these abnormalities can contribute to the atherogenic diathesis in ESRD, there is also significant HDL dysfunction associated with this disease which can further exacerbate the cardiovascular disease burden in this patient population. In fact, the latter findings can be responsible for the paradox that contrary to the general population, in patients with ESRD, there is no clear association between serum HDL cholesterol level and survival. Indeed, based on some of the evidence noted in this review there may be some circumstances in which elevated serum levels of HDL can be associated with an increased risk of CV mortality in patients with ESRD (Figure 1-B) . Therefore, solely relying on HDL-C level to predict cardiovascular disease and mortality in ESRD may be misleading. Hence, it is essential that future studies focus on deciphering the role of HDL function rather than level in CV mortality. Furthermore, novel actionable biomarkers are needed which can predict HDL level as well as function thereby providing prognostic tools as well as potential new targets for therapy. 
